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A firn aquifer in the Helheim Glacier catchment of Southeast Greenland lies directly
upstream of a crevasse field. Previous measurements show that a 3.5-km long segment
of the aquifer lost a large volume of water (26,000–65,000 m2 in cross section)
between spring 2012 and spring 2013, compared to annual meltwater accumulation
of 6000–15,000 m2. The water is thought to have entered the crevasses, but whether
the water reached the bed or refroze within the ice sheet is unknown. We used
a thermo-visco-elastic model for crevasse propagation to calculate the depths and
volumes of these water-filled crevasses. We compared our model output to data from the
Airborne Topographic Mapper (ATM), which reveals the near-surface geometry of specific
crevasses, and WorldView images, which capture the surface expressions of crevasses
across our 1.5-km study area. We found a best fit with a shear modulus between 0.2
and 1.5 GPa within our study area. We show that surface meltwater can drive crevasses
to the top surface of the firn aquifer (∼20m depth), whereupon it receives water at rates
corresponding to the water flux through the aquifer. Our model shows that crevasses
receiving firn-aquifer water hydrofracture through to the bed, ∼1000m below, in 10–40
days. Englacial refreezing of firn-aquifer water raises the average local ice temperature
by ∼4◦C over a ten-year period, which enhances deformational ice motion by ∼50m
year−1, compared to the observed surface velocity of ∼200m year−1. The effect of the
basal water on the sliding velocity remains unknown. Were the firn aquifer not present
to concentrate surface meltwater into crevasses, we find that no surface melt would
reach the bed; instead, it would refreeze annually in crevasses at depths <500 m. The
crevasse field downstream of the firn aquifer likely allows a large fraction of the aquifer
water in our study area to reach the bed. Thus, future studies should consider the aquifer
and crevasses as part of a common system. This system may uniquely affect ice-sheet
dynamics by routing a large volume of water to the bed outside of the typical runoff
period.
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INTRODUCTION
Water at the bed of the Greenland Ice Sheet has a substantial
influence on ice velocity. The transport of surface meltwater to
the bed, via moulins formed from supraglacial lakes and rivers,
has been well studied in western Greenland (Das et al., 2008;
Clason et al., 2015). In Southeast Greenland, surface melt has
been found to correlate with ice motion over only limited time
periods and spatial extents, for the few outlet glaciers studied
(Andersen et al., 2011; Sundal et al., 2013; Moon et al., 2014).
Over inland ice, the scarcity of supraglacial lakes in Southeast
Greenland is also thought to limit the effect of surface melt on
basal motion (Selmes et al., 2011).
Surface melt rates can reach 3m year−1 in some areas of
Southeast Greenland (Franco et al., 2013), but high accumulation
rates (Miège et al., 2013) and cold wintertime temperatures help
retain much of the meltwater in regional firn aquifers (Kuipers
Munneke et al., 2014). Springtime radar observations (Forster
et al., 2014) and climate model outputs (Kuipers Munneke et al.,
2014) indicate that firn-aquifer water persists englacially in liquid
form year-round. Such firn aquifers cover 20,000–70,000 km2 of
the ice sheet in Southeast Greenland (Forster et al., 2014; Miège
et al., 2016) and store up to approximately 140 km3 of water or,
equivalently, 0.4mm global sea level (Koenig et al., 2014).
The volume of water stored by the aquifer can vary in time
and space (Miège et al., 2016). In particular, observations of the
water level in a portion of the Southeast Greenland firn aquifer
in the upstream reaches of Helheim Glacier indicate a loss of
water volume between spring 2012 and spring 2013 (Miège et al.,
2016). This portion of the aquifer sits at approximately 1520–
1550m elevation (Figure 1), directly upstream of a crevasse field.
It is suspected that the water drained into crevasses (Miège et al.,
2016), but the depth to which this water was able to drive the
crevasses, and whether the firn-aquifer water reached the bed or
refroze englacially, are unknown.
Here, we use a thermo-visco-elastic model for crevasse
propagation to investigate the plausibility of firn-aquifer water
draining to the bed through crevasses. The model is well-
suited for crevasses that terminate above the ice-sheet bed, but
we extend its application, with some caution, to full-thickness
hydrofractures when required. We use the crevasse model to
explore multiple scenarios, including the behavior of crevasses
in the absence of a firn aquifer and when fed by a range of
water fluxes from the firn aquifer, and multiple values for certain
physical parameters. We conclude by discussing the effect that
the crevasse field—firn aquifer system may have on ice dynamics
at this location.
METHODS
We study a ∼1.5-km segment along an approximate flowline in
the onset of the southern branch of Helheim Glacier (Figure 1),
centered at 66.35◦N, 39.07◦W at surface elevation s ∼1490–
1520m above sea level (a.s.l.). Radar measurements indicate that
a portion of the Southeast Greenland firn aquifer terminates
abruptly in this region, just above a crevasse field (Miège et al.,
2016). WorldView satellite imagery (courtesy of Digital Globe,
Inc.) indicates that this crevasse field comprises narrow crevasses
(∼1–2m) at 1520m a.s.l. and wider crevasses (>10 m) less than 1
km downstream, at 1510m a.s.l. (Figure 2A). We generalize our
study area into a conceptual model (Section “Conceptual model
of firn aquifer—crevasse field system”), then apply a physically
based numerical model (Section “Thermo-Mechanical Model
for Crevasse Propagation”) to investigate the widths and depths
of crevasses within our conceptual model. Table 1 contains all
variables and physical constants used in the numerical model.
Conceptual Model of Firn
Aquifer—Crevasse Field System
We represent our study area in two-dimensional model
space, with a vertical dimension and a down-surface-gradient
horizontal dimension (Figures 2B–C). We thus report model-
generated volumes in two dimensions (m2), i.e., as cross-sectional
volumes. In our model, we feed the crevasses with water from
different sources in turn: (1) locally generated meltwater, and (2)
water from the firn aquifer.
Crevasses Fed by Local Surface Melt Only
First we consider the case of crevasses whose only water source is
local snowmelt. We approximate the local catchment of a single
FIGURE 1 | The region in Southeast Greenland where the firn aquifer
overlies the upper reaches of Helheim Glacier. (A) Operation IceBridge
flight lines (2010–2014) where firn-aquifer water is detected (yellow) and is not
detected (gray), with the firn aquifer extent outlined in orange (Miège et al.,
2016). Background is a radar mosaic from winter 2009–2010 (Joughin et al.,
2016). Image dimensions are 140× 150 km. (B) An 8× 1.5 km section of a 24
June 2016 WorldView image that includes the study area (blue box;
Figure 2A).
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FIGURE 2 | (A) Detail of the crevasse field within our study area (blue box in Figure 1B). Elevation contours (Howat et al., 2014) are in m. Background is a WorldView
image from 24 June 2016, courtesy of DigitalGlobe. (B) Conceptual model of the firn aquifer—crevasse field system. Crevasses initiate above the firn aquifer (wavy
lines), which begins at a depth of 20 m. Firn aquifer water may fill the crevasses, forming a train of wide hydrofractures. (C) Simplified 3D view of the conceptual model
of the firn aquifer—crevasse field system. (D,E) Alternatives to the conceptual model presented here.
crevasse within a crevasse field as the area that is closer to that
crevasse than any other crevasse. That is, in a field of crevasses
spaced by a distance R, each crevasse collects snowmelt that
originates from the small, one-dimensional catchment of R/2 to
either side of the crevasse. We limit the meltwater input to a
crevasse to that produced within this small catchment because
other crevasses collect melt generated nearby and because
crevasses are usually found on topographic highs (Price et al.,
2008), which isolates them from non-local meltwater sources
such as supraglacial rivers.
To quantify the annual snowmelt for our study area, we use
reanalysis data from MERRA-2 (Rienecker et al., 2011), which
we average over 1980–2015. MERRA-2 uses a simple snowpack
model for the ice-sheet surface, from which it generates surface
meltwater production rates (Cullather et al., 2014). The MERRA-
2 melt season is slightly longer, however, than that indicated from
field observations (Forster et al., 2014). We thus adjust the model
output by setting snowmelt to zero on days when the MERRA-2
average 2-m air temperature (1980–2012) is below 0◦C. After this
correction, the MERRA-2 output indicates an average of 0.5m
year−1 water equivalent of annual snowmelt in our study area,
in agreement with previous mass-balance modeling of this area
(McNerney, 2016).
We quantify the influx of local surface melt, Qlocal, that enters
each crevasse as
Qlocal = R b˙ (1)
where b˙ is the MERRA-2-derived local snow melt rate and R is
the spacing between adjacent crevasses. We set R to 50m based
on our examination of WorldView imagery for our study area.
Crevasses Fed by Firn-Aquifer Water
Next, we consider the case where a firn aquifer is present
∼20m below the surface and crevasses propagate deep enough
to intersect it, as illustrated in Figures 2B–C.
Although crevasses initiate as narrow, dry fractures in the
top ∼10–30m of the ice sheet (Nye, 1955; Cuffey and Paterson,
2010), they can propagate deeper if they collect water (Weertman,
1973). We consider the firn aquifer as a possible water source
to crevasses. Because the top surface of the firn aquifer in our
study area lies 12–30m below the ice-sheet surface (Forster et al.,
2014; Miège et al., 2016), any water flow from the aquifer into a
crevasse likely occurs below the ice-sheet surface, as suggested in
Figure 2B.
In our model, we approximate the firn aquifer depth in
our study area as a constant 20 m. When a surface-meltwater-
filled crevasse reaches this depth, we assign it an influx of Qaq,
a value we define based on the estimated water flux through
the segment of the aquifer shown in Figure 1B, where it abuts
the crevasse field (Miège et al., 2016). This segment, and our
study area as a whole, represents only a small portion of the
Southeast Greenland firn aquifer (Figure 1A); thus, we directly
analyze the influence of only a small fraction of the firn-aquifer
water. In addition, the data in Figure 1B indicate the intermittent
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TABLE 1 | Symbols and values of model parameters, variables, and
physical constants.
Symbol Value
MODEL PARAMETERS
Ice thickness H 1000m
Surface elevation s ∼1490–1520m a.s.l.
Crevasse spacing R 50m
Surface runoff rate b˙ 0.5m year−1
Water depth in crevasse w Equation S3
Longitudinal stress σ
′
y Determined using
Elmer (Section S1)
Shear modulus µ 0.07–3.9 GPa
Surface boundary condition Tskin From MERRA-2
(Section S3)
Water flux Q
Without firn aquifer Qlocal Equation 1
Firn aquifer, normal year Qaq0 5000–15,000 m
2
year−1
Firn aquifer, 2012–2013 Qaq12–13 20,000–60,000 m
2
year−1
MODEL OUTPUTS
Crevasse depth d
Crevasse width 2W
Ice temperature T Section S3
Deformational velocity ud Equation 4
MODEL COMPONENTS
Elastic component Section S1
Elastic deformation over one timestep e(z) Equation S1
Total elastic deformation over model time E(z) Equation S4
Viscous (creep) component Section S2
Total creep deformation over model time C(z) Determined using
Elmer
Freezing component Section S3
Total thickness refrozen over model time F(z) Equation S6
PHYSICAL CONSTANTS
Density of water ρw 1000 kg m
−3
Density of ice ρi 910 kg m
−3
Thermal conductivity of ice ki 2.1 J m
−1K−1s−1
Latent heat of freezing Lf 335,000 Jkg
−1
Specific heat capacity of ice Cp 2115.3 Jkg
−1◦C−1
Gravitational constant g 9.8m s−2
Flow-law parameter A(T) Cuffey and Paterson
(2010), Equation 3.30
Driving stress τd 100 kPa
Poisson’s ratio ν 0.3
Fracture toughness KIC 0.1MPa m
1/2
presence of a ∼500 m long firn aquifer downstream of the
crevasse field we study. Water in this small aquifer may be
sourced from the aquifer upstream (i.e., the water travels through
the crevasse field) or from local surface melt (i.e., the water
is distinct from upstream aquifer water). Our present model
setup cannot constrain these hypotheses; we thus eliminate
from our analysis the area downstream of the blue box in
Figure 1B.
We assume in our two-dimensional model that only one
crevasse can intersect the firn aquifer at a given time. That
is, any upstream crevasse with depth greater than 20m will
cut off all downstream crevasses from the firn-aquifer water
(Figure 2B). In a three-dimensional world, however, two or
more crevasses at similar elevations could connect to the firn
aquifer (Figure 2D). Alternately, crevasses may strike obliquely
to the firn-aquifer boundary, so that firn-aquifer water could
enter many crevasses simultaneously (Figure 2E). WorldView
imagery (Figure 1B) suggests, however, that crevasses strike
approximately parallel to the firn-aquifer boundary, supporting
our assumption, in two dimensions, that the firn-aquifer water
flows into one crevasse at a time (Figures 2B–C). Therefore,
we discard the alternate scenarios (Figures 2D–E) from this
analysis, although future, more detailed studies should consider
them.
We vary the value of Qaq to reflect two specific scenarios.
First, we define Qaq0 as the background water flux through
the aquifer. We base Qaq0 on estimates of snowmelt directly
upstream of this portion of the firn aquifer and on the results of
a groundwater flow model constrained with radar observations
and field estimates (Miège et al., 2016). There is considerable
uncertainty in this value due to the assumption of spatially
uniform aquifer thickness, uncertainties in the value of hydraulic
conductivity, and steady-state 2Dmodeling that does not include
seasonal variations in water input or 3D effects such as catchment
extent and lateral water flow. We use a range of Qaq0 estimates
between 6000 m2 year−1 (determined by summing snowmelt)
and 15,000 m2 year−1 (determined by McNerney, 2016 from
groundwater flowmodeling) to define the range of values we test:
Qaq0 = 5000, 10,000, and 15,000 m
2 year−1. We vary Qaq0 over
this wide range to reflect the uncertainties in its estimation.
We also consider Qaq12–13, which represents the enhanced
water flux during the 2012–2013 aquifer drainage event. We
define this quantity based on differences in the water levels
identified in springtime radar observations for these 2 years
(Miège et al., 2016). We subtract the observed level (top surface)
of the firn aquifer in 2013 from that in 2012 over the ∼3.5-
km segment of the aquifer where the water surface dropped
or disappeared completely (Figure 1B). This method yields a
water flux Qaq12–13 ∼ 65,000 m
2 year−1. However, groundwater
flow modeling suggests that some of the water from this 3.5-km
segment may discharge at the surface at topographic inflection
points, where it would refreeze (Miège et al., 2016) before
reaching the crevasse field. If such discharge occurs, our initial
estimate of Qaq12–13 may be too high. Thus, we also consider
a scenario where water from only the lower 1–1.5 km of the
transect, which is downstream of the lowest modeled hydraulic
discharge point (McNerney, 2016), drains into the crevasse field.
This second scenario gives Qaq12–13 ∼ 26,000 m
2 year−1. To
reflect uncertainties, we test three values of Qaq12–13: 20,000,
40,000, and 60,000 m2 year−1.
Even using the smallest values, the aquifer-sourced water flux
into crevasses (Qaq ∼ 10
3–104 m2 year−1) exceeds the flux from
local snowmelt (Qlocal ∼ 10
1–102 m2 year−1) by approximately
two orders of magnitude. We use these estimates of water flux to
drive our model for the geometry of crevasses.
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Thermo-Mechanical Model for Crevasse
Propagation
When a sufficient volume of water flows into a crevasse, it will
elastically open and deepen the crevasse (Weertman, 1996). Over
a longer timescale (days to years), the crevasse walls will close
viscously (through creep) as well as elastically, narrowing the
crevasse and making it shallower. The meltwater inside will
also steadily refreeze onto the crevasse walls, which diffusively
warms the surrounding ice and contributes further to the closing
and shoaling of the crevasse. Our crevasse model calculates the
shape and depth of crevasses based on these elastic, viscous, and
refreezing processes, which we model independently:
W (z) = E (z) + C (z)− F(z) (2)
Here,W(z) denotes the half-width of a crevasse, symmetric about
its vertical axis, as a function of the vertical coordinate z. The
terms E(z), C(z), and F(z) represent the elastic deformation,
creep (viscous) deformation, and refreezing, respectively, that
have occurred cumulatively over the model time. Details of these
components of the model can be found in the Supplementary
Material. The elastic component of our model has previously
been applied to calculate the propagation of full-thickness
hydrofractures in western Greenland (Krawczynski et al., 2009).
That study considered crevasses in bare ice in the ablation zone,
whereas we consider crevasses in a firn-covered portion of the
ice sheet. This approach introduces some limitations, which we
discuss in Section “Influence of firn on crevasse width and shear
modulus.”
The model runs for 10 years or until any one crevasse reaches
the bed. At each timestep of the model, we first calculate Vwater ,
the cross-sectional volume of water that the crevasse is required
to hold at that timestep, from the time-integrated water influx
minus the total volume of water that has exited the crevasse
by refreezing englacially onto the crevasse walls. We then solve
for the crevasse depth d for which the volume of the crevasse,
integrated from the crack tip d to the water line w, equals Vwater :
2
∫ w
d
W (z) dz = Vwater (3)
Crevasse Water Balance and
Cryo-Hydrologic Warming
The propagation of a water-filled crevasse brings meltwater into
contact with cold englacial ice, causing some of that water to
refreeze, which warms and softens the ice and allows further
deformation to occur. This process, cryo-hydrologic warming,
has been observed in western Greenland (Phillips et al., 2010;
Lüthi et al., 2015) in crevassed ice in the ablation zone. Here,
we evaluate whether cryo-hydrologic warming likely is occurring
in our study area, which is higher on the ice sheet than
previous studies of cryo-hydrologic warming have considered.
Our thermal model calculates the quantity of water refrozen
englacially over time and the effect of the consequent release
of latent heat on ice temperature across the modeled crevasse
field (i.e., in ice between and below crevasses). We use these
temperatures to calculate the expected deformational velocity
of ice within our model domain, through a standard Arrhenius
relation for the flow-law parameter, A(T) (Cuffey and Paterson,
2010). For a given driving stress τ d, warmer ice will deform
at a faster rate than colder ice. We calculate the deformational
velocity ud of ice with temperature profile T(z) over the thickness
H as follows:
ud = τ
3
d
∫ s
b
[
A (T (z))
(
1−
z
H
)3]
dz (4)
We average ud over all ice columns in the model (i.e., across a
crevasse field) to calculate the deformational velocity of ice in our
study area.
Shear Modulus and Other Model
Parameters
The visco-elastic model incorporates a number of material
parameters, the values of some of which are poorly constrained
for glacial ice. For instance, studies have approximated the
fracture toughness KIC from 30 kPa m
1/2 (Mottram and Benn,
2009) to 150 kPa m1/2 (Sassolas et al., 1996). Model runs over
a range of values of these and other parameters (Poinar, 2015)
indicate that the modeled crevasses are less sensitive to KIC (as
also found by van der Veen, 1998; Alley et al., 2005; Mottram and
Benn, 2009) and background longitudinal stress σy’ (consistent
with Krawczynski et al., 2009), and more sensitive to crevasse
spacing R (consistent with Sassolas et al., 1996) and shear
modulus µ (consistent with Krawczynski et al., 2009). Crevasse
spacing often varies widely across a single crevasse field, but we
approximate it as a constant value in our model. Because of this
limitation, we do not explore sensitivity to crevasse spacing. We
focus instead on the shear modulus µ.
Vaughan (1995) summarized field and laboratory studies of µ
and used µ = 0.2–0.5 GPa to model the flexure of Antarctic ice
shelves. Krawczynski et al. (2009) proposed values of µ = 0.32,
1.5, and 3.9 GPa for hydrofractures in western Greenland. We
use the Krawczynski et al. (2009) values as a starting point in
our model but also test lower values of µ (0.18, 0.10, and 0.07
GPa). We discuss the reasons for and implications of varying µ
across this range in Section “Influence of firn on crevasse width
and shear modulus.”
Remote Sensing of Crevasse Widths
We quantify crevasse widths from remotely sensed data to
validate our model output.
ATM Data
NASA Operation IceBridge (OIB) has flown the Airborne
Topographic Mapper (ATM) laser altimeter since 2009 (Krabill,
2010). The ATM scans the ice-sheet surface in a conical pattern
and returns a swath of dense topographic measurements with
vertical accuracy∼10 cm and horizontal accuracy∼3 cm (Martin
et al., 2012). We used ATM observations from 17 April 2012 of
wide crevasses in our study area to compare to crevasse widths
predicted in our model. Because this flight, and most other OIB
flights over our study area, occurred in spring, we expect the
accumulated snow to bridge any shallow, narrow crevasses and to
mute the surface expression of wider, deeper crevasses. We thus
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use the ATM data to indicate the shapes and approximate sizes of
the widest and deepest crevasses in our study area.
WorldView Imagery
We used high-resolution (pixel size ∼0.5 m) imagery from the
WorldView-1 satellite, courtesy of DigitalGlobe, Inc., to study the
widths of crevasses within our study area. We surveyed images
from 7August 2014, 1 August 2015, and 19 July 2016 for crevasses
and outlined each crevasse from tip to tip, when possible. Image
borders, snow cover, and image resolution (for very narrow
crevasses) sometimes limited the extent of our digitization. We
calculated the average width of each crevasse by dividing its
two-dimensional area in the image by its length. We identified
30, 38, and 56 crevasses from the 2014, 2015, and 2016 images,
respectively, for a total of 124 crevasses. Because a crevasse will
advect ∼200m downstream over the course of a year and our
study area spans ∼3 km, our dataset likely includes many of the
same crevasses reappearing from year to year.
Because we average the width over the entire crevasse,
including very narrow end points, our technique should yield a
smaller crevasse width than what is usually reported at the widest
central span. At the same time, our dataset also likely omits a
number of the narrowest crevasses, which the 0.5 m resolution of
the imagery does not adequately resolve.We thus use this dataset,
which excludes narrower crevasses that we did not model, to
outline an approximate distribution of crevasse width in our
study area.
RESULTS
We ran our model forced with various meltwater sources and
using various values for certain parameters. We then compared
our model results for crevasse width at the ice-sheet surface to
observations of crevasse width at the ice-sheet surface. Here we
present the results of these simulations.
Evidence for Water-Filled Crevasses
Previous observations suggest that dry (non-water-filled)
crevasses in grounded ice can reach widths of 2–3m (Cook,
1956; Holdsworth, 1969) in northern Greenland and Antarctica,
respectively. Crevasses observed near the calving faces of
tidewater glaciers, on the other hand, are typically very wide:
∼20–30m on Jakobshavn Isbræ, for instance (Echelmeyer et al.,
1991). These large widths are due to both high extensive stresses
and the widening pressure from liquid water that fills these
crevasses. Meier et al. (1957) observed 30-m-wide crevasses in
northwest Greenland far from any calving faces; these crevasses,
however, were exceptional in their age and flow history (Colgan
et al., 2016) and may have contained moderate amounts of water
(Meier et al., 1957). Based on these previous observations, we
take 2–3m as an approximate maximum width for dry crevasses.
OIB data from 17 April 2012 show multiple wide (>5 m)
crevasses at s ∼ 1490–1510m a.s.l. in our study region. Images
from the Digital Mapping System (DMS; Figure 3A) show
sastrugi extending off of the southeast ends of three of the
deepest crevasses. ATM data, collected concurrently, show that
three crevasses are approximately 7, 11, and 10m wide at the
surface (Figures 3B–D, respectively), substantially wider than the
2–3m we identify for dry crevasses. Thus, we hypothesize that
these crevasses are water-filled. The top surface of this water
would likely freeze over winter, providing a platform onto which
windblown snow could collect (Figure 3E). Alternately, a snow
bridge may form between the crevasse walls in the uppermost
tens of m, independent of any such seasonal ice layer. The ATM
and DMS data show that snow fills these crevasses to depths of
6–12 m, likely blown in by the wintertime winds that formed the
sastrugi.
These wide crevasses are located <1 km downstream of the
lower border of the firn aquifer in this area (Figure 1B). As noted
above, the firn aquifer is the largest source of water in the area,
greatly exceeding the local melt supply (Section “Crevasses Fed by
Firn-Aquifer Water”). Based on this observation, we hypothesize
that these crevasses may have been widened by firn-aquifer water.
We use our crevasse model to test this hypothesis.
Modeled Crevasses Isolated from the Firn
Aquifer
We first investigate the expected springtime widths of crevasses
if the firn aquifer were not present by running our model with
a meltwater influx of Qlocal (Equation 1). That is, only snowmelt
generated within R = 50 m of each crevasse is fed to the crevasse.
We make this assumption because crevasses tend to form on
or near local rises; therefore, their meltwater catchments are
topographically limited.
We run our model with Qlocal for 10 years allowing ice
to advect through our 2-km-wide study area at 200m year−1.
Figure 4 shows the time series of crevasse depth, modeled using
various values for the shear modulus of ice (colors). Crevasses in
ice with high shear moduli (µ = 1.5 GPa) seasonally penetrated
to depths up to 500 m, while crevasses in ice with lower shear
moduli (µ = 0.32 GPa) reached depths of ∼200–300 m. In all
cases, the crevasses refroze all their water and closed up each
winter. Ice with a high shear modulus (stiff ice) cannot open
wide, and thus a crevasse must extend relatively deep to hold the
volume of water produced by local snow melt. The variation of
our results with shear modulus is consistent with the modeling
conclusions of Krawczynski et al. (2009).
We found that crevasses modeled in ice with high shear
moduli (µ = 1.5–3.9 GPa) had surface widths of 0.1–0.2 m.
These widths are smaller than the 0.5 m pixel size of the 2016
WorldView imagery, which clearly shows ∼1-m-wide crevasses
initiating at high elevations (s ∼ 1520 m; Figure 2A). Crevasses
modeled with µ = 0.32 GPa were 0.5m wide, slightly narrower
than indicated by the imagery. To produce crevasses with widths
consistent with our imagery observations, we also tested lower
shear moduli (µ = 0.18, 0.10, and 0.07 GPa), which may reflect
the influence of the firn layer, as we discuss further in Section
“Influence of firn on crevasse width and shear modulus”. These
values yielded crevasses with surface expressions of 0.7–1.0 m,
a better match to the high-elevation crevasses. We use this full
set of shear moduli (µ ranging over 0.07–3.9 GPa) in subsequent
model runs.
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FIGURE 3 | (A) Mosaic of Digital Mapping System (DMS) images from 17 April 2012 of the crevasse field study area. Elevations from the GIMP DEM (Howat et al.,
2014) are overlain. (B–D) Returns from the Airborne Topographic Mapper (ATM) from 17 April 2012 for the three areas outlined in panel a. Black dots indicate level-1
returns, with a triangulation-based, linearly interpolated mesh to guide the eye. Crevasse widths are (B) 7, (C) 11, and (D) 10 m. (E) Schematic interpretation of the
surfaces that give ATM returns.
FIGURE 4 | (A) MERRA-2-derived surface melt rates, in water-equivalent units, averaged over 1980–2015 at our study site, which we used to inform Qlocal , the
meltwater influx into crevasses in the absence of a firn aquifer (Equation 1). (B) Time series of the depth of crevasses receiving Qlocal . Colors indicate the values for
shear modulus tested and are consistent across other figures.
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We were unable to reproduce the observed crevasse widths of
6–11m at s ∼ 1500m a.s.l. (Figure 3) using Qlocal; in fact, our
modeled widths are almost an order of magnitude too low. Thus,
we conclude thatQlocal provides an insufficient meltwater volume
to explain these observations.We do find, however, that crevasses
fed by local snowmelt (Qlocal) reach well beyond the depth of
the firn aquifer (20 m), for all values of the shear modulus
we tested (Figure 4). Thus, firn aquifer water should drain into
crevasses in this area, consistent with our conceptual model
(Figure 2B).
Modeled Crevasse Field—Firn Aquifer
System
We next run our model with higher water fluxes, Qaq0 and
Qaq12–13, which represent the water fluxes through the firn
aquifer in our study area in typical years and in 2012–2013,
respectively.
Penetration to the Bed
We first investigate how deep the water fluxes from the firn
aquifer can drive crevasses in our model. For all values of the
shear modulus we tested (µ = 0.07–3.9 GPa) and for all values
for firn-aquifer-sourced water flux that we tested (Qaq0 = 5000–
15,000 m2 year−1 and Qaq12–13 = 20,000–60,000 m
2 year−1), we
found that crevasses hydrofractured through the full thickness
of the ice sheet (H = 1000 m) in less than 180 days. We use
observations of the surface widths of crevasses in our study area
to adjust the shear modulus we use in our model, in an effort
to better constrain the amount of time required for firn-aquifer
water to drive crevasses to the bed.
Comparison to Observed Surface Widths
We compare the surface widths of crevasses modeled using
the median value of Qaq0, 10,000 m
2 year−1, to the dataset of
observed surface widths. Figure 5A shows ATM data from s ∼
1500m a.s.l. (Figure 3C) alongside the walls of crevasses modeled
using all values of the shear modulus we tested. Once again,
previously accepted values ofµ (0.32–3.9 GPa) produce crevasses
(0.3–5 m) that are substantially narrower than this crevasse (11
m). While lower values of µ (0.07–0.18 GPa) generate wider
crevasses, we seek further evidence that these values, which are
outside the previously published range (Vaughan, 1995), are
realistic for our study area.
Figures 5B,C compare the modeled crevasse widths to the set
of 124 observed crevasse widths in our study area. The observed
crevasses show a general widening trend along flow (Figure 5B;
r2 = 0.8). The calculated longitudinal stress at the ice-sheet
surface (Section S1) increases smoothly from 120 to 150 kPa
across the first kilometer of Figure 5B, as the crevasses widen,
then decreases smoothly to 110 kPa along the next kilometer
while the crevasses continue to widen. This lack of correlation
suggests that the local stress field is unlikely the cause of the
observed along-flow increase in crevasse width. We also consider
enhanced ablation of crevasse walls (Cathles et al., 2011) due to
trapping of solar radiation (Pfeffer and Bretherton, 1987). Using
results from Cathles et al. (2011) appropriate for our study area,
we estimate that this effect (<0.5m year−1 widening) accounts
for up to approximately half of the trend we see (1.2m year−1
widening).
We note an asymmetry in the along-flow crevasse width
data (Figure 5B). Very few narrow crevasses (<5m wide) occur
downstream of the first ∼500m of our study area; in contrast,
wide crevasses (>10m wide) appear throughout the study area.
FIGURE 5 | (A) ATM data (black points) from 17 April 2012 for the crevasse shown in Figure 3C. Colored surfaces show the modeled crevasse walls for Qaq0 =
10,000 m2 year−1 using various values of the shear modulus. (B) Average surface width of 124 crevasses (identified in WorldView images) versus elevation (Howat
et al., 2014) and horizontal distance along flow. Dashed black line shows the linear fit; black circle shows the crevasse detailed in panel (A). The colored lines show
modeled crevasse widths at the surface for Qaq0 = 10,000 m
2 year−1 and various values of the shear modulus. (C) Histogram of the average surface widths of the
18 crevasses within the first 500m downstream of the firn-aquifer boundary (gray area in panel B). The colored lines show modeled crevasse widths at the surface for
Qaq0 = 10,000 m
2 year−1 and various shear moduli.
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We hypothesize that the narrower crevasses penetrate to less
than the full ice thickness (that is, they are in the process of
hydrofracturing), and that wider crevasses have reached the bed.
The physics behind our model assume an infinite ice thickness,
which is violated as the crevasses approach the bed. Hence, we
are cautious about comparing modeled crevasse widths with
observations in regions where crevasses may extend to the bed,
as we discuss later (Sections “Effect of Finite Ice-Sheet Thickness
and S1”). We therefore confine our analysis to the ∼500m
segment at the upstream end of our study area (gray area in
Figure 5B), where the narrower observed widths are more likely
to represent crevasses (d < H) than full-thickness rifts (d = H).
These data are fit best by the model results withµ= 0.32 GPa, for
which crevasse width varies from 3 to 7m over the 5000–60,000
m2 year−1 range of Q we consider (Figure 6A). We thus focus
our analysis on model results generated with µ= 0.32 GPa while
also considering our results for the full range of shear modulus
we test.
Hydrofracture Driven by Average Firn-Aquifer Water
Flux
Over many years, the average water flux through this section
of the firn aquifer should balance the average annual snowmelt
volume in the catchment, 6000–15,000 m2 year−1 (Miège
et al., 2016), if the firn aquifer is in mass balance. For µ
= 0.32 GPa, we find that a full-thickness hydrofracture can
form in just 22–37 days (Figure 6B), depending on the influx
Qaq0 (5000, 10,000, or 15,000 m
2 year−1). Immediately before
reaching the bed, the cross-sectional volume of water held
in the modeled crevasse is 500–900 m2, depending on Qaq0
(Figures 7A,B).
Hydrofracture Driven by 2012–2013 Firn-Aquifer
Water Flux
The drop in the firn-aquifer water level observed over 2012–2013
(Miège et al., 2016) suggests that a much larger volume of water,
26,000–65,000 m2, exited the firn aquifer over this one-year
period. Model results with Qaq12–13 = 20,000, 40,000, and 60,000
m2 year−1 suggest that this higher volume may have generated
slightly wider crevasses (5–7 m; Figure 6A with µ = 0.32 GPa)
than did Qaq0 (3–5 m), and that these crevasses reached the bed
more quickly (11–18 days for µ = 0.32 GPa; Figures 6B, 7C, D).
Extensive snow cover obscures these crevasses in the 2013–2015
OIB campaigns, so it was not possible to compare crevasse widths
modeled with Qaq12–13 to ATMmeasurements.
Englacial Refreezing and Deformational Ice
Motion
We track the volume of meltwater refrozen within each crevasse
over its lifetime in the model (i.e., until it reaches the bed).
For Qlocal, the entirety of the meltwater refreezes each winter,
and because crevasses penetrate only to depths of <500m
(Figure 4), no water is lost to the bed. Thus, in the scenario
where the firn aquifer does not exist, 100% of the surface
meltwater would refreeze englacially. Figure 8A shows that
this would warm the ice by 1.8◦C, averaged over all depths
FIGURE 6 | Model results for various influx values Q (x-axis) and shear moduli (colored curves). Results for the best-fit shear modulus, µ = 0.32 GPa
(yellow), are in bold. Influx regimes are indicated by the gray shading: lightest gray, local snowmelt only (Qlocal ); medium gray, background aquifer flux (Qaq0); dark
gray, 2012–2013 aquifer flux (Qaq12–13). (A) Modeled crevasse width at the ice-sheet surface at the timestep just before the crevasse reaches the bed. For Qlocal
(dashed lines), crevasse widths at model time of 10 years are shown. (B) Model results for the time required for firn aquifer water to drive a crevasse 1000m deep to
the bed. For Qlocal , crevasses did not reach the bed.
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FIGURE 7 | Evolution of modeled crevasse geometry over time (increasing rightward) for µ = 0.32 GPa (all panels) and (A) Qaq0 = 5000 m
2 year−1, (B)
Qaq0 = 15,000 m
2 year−1, (C) Qaq12–13 = 20,000 m
2 year−1, and (D) Qaq12–13 = 60,000 m
2 year−1. Labels at each crevasse show the crevasse life time and the
total volume of water accepted by the crevasse at that time.
and the full horizontal extent of the modeled crevasse field.
This would enhance deformational ice motion by 6.5m year−1
(Figure 8A).
For Qaq0 and µ = 0.32 GPa, we find that a cross-sectional
meltwater volume of 50–80 m2 refreezes in the ∼20–40 days
over which the crevasse hydrofractured to the bed. For Qaq12–13,
the modeled crevasses refroze 30–40 m2 over ∼10–20 days.
These volumes are less than 10% of the volume of firn-
aquifer water that went into the crevasse over these time
periods (∼1000–3000 m2). After a crevasse reaches the bed,
its heat balance becomes more complicated due to unknown
influxes and outfluxes of water with the basal system. Thus,
we do not calculate refreezing rates within crevasses after this
point, but we do continue to calculate the temperature of
the ice between crevasses, assuming that the crevasse walls
remain in contact with water and thus provide 0◦C boundary
conditions (see Section S3). Performing these calculations over
the duration of the ten-year model run shows a 4◦C increase
in ice temperature averaged over all ice within the crevasse
field, which enhances ice deformation by ∼50m year−1. This
is a substantial portion of the observed surface velocity, which
includes both deformation and sliding, of ∼200m year−1 in our
study area.
DISCUSSION
Model Assumptions
We make a number of approximations in our representation of
this problem. Here we discuss some of the limitations of our
approach.
Influence of Firn on Crevasse Width and Shear
Modulus
Our model was developed for application to exposed glacial ice
in the ablation zone, in the absence of firn. Our application of
this model to our study area, where approximately 35m of firn
overlies the ice, therefore may introduce errors: the weak firn
layer should be less able to support the high stresses that fractures
generate. Thus, in the presence of firn, crevasses must propagate
deeper to balance these stresses, compared to a scenario of
uniform glacial ice (van der Veen, 1998). In our model, fracture
propagation depths therefore may be too shallow. Thus, the lack
of a firn layer in our model may cause us to overestimate the time
required for water to hydrofracture to the bed.
We also speculate on the influence of the firn layer on our
value of the shear modulus, which we adjusted to match observed
crevasse widths. Our model assumes a constant shear modulus
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FIGURE 8 | (A) The effect of crevassing on mean englacial temperature (dashed lines; bottom axis) and deformational velocity (solid lines; top axis) for shear modulus
µ = 0.32 GPa. Velocity difference is the difference between deformational velocity calculated based on the temperature profile of uncrevassed ice (gray dashed line)
and that calculated for each influx Q (brown and black dashed lines). (B) Total deformational velocity averaged over the crevasse field (black; left axis) and fraction of
firn-aquifer water that refreezes onto the crevasse walls (blue; right axis), as a function of water influx Q, for a 10-year model run with µ = 0.32 GPa. Influx regimes are
indicated by the gray shading, as in Figure 6.
with depth, yet the range of shear moduli for snow (µ = 8.5 ×
10−4 − 0.02 GPa; Sigrist, 2006) is at least two orders of magnitude
lower than the accepted values for ice, suggesting that firn should
have a substantially lower shear modulus than ice. Because we
chose µ to match surface widths, where the crevasses outcrop
through firn, our value of µ = 0.32 GPa, which is at the low end
of previously published values for ice, may partially reflect the
influence of firn. This value, which we borrowed from a previous
study (Krawczynski et al., 2009), implies a level of precision
that is inconsistent with our confidence in its value. However,
considering the relatively poor fit of the results of our model
using other values of µ, we have confidence in the bounds of 0.2
< µ< 1.5 GPa, averaged over the ice column in our study area.
Effect of Finite Ice-Sheet Thickness
We find a wide distribution of crevasse width in our study area
(Figure 5B) and identified a set of values of shear modulus that fit
these observations. Because wider crevasses appear farther along
flow, the best-fit shear modulus appears to decrease along flow
(Figure 5C). In reality, the shear modulus is unlikely to vary
greatly between crevasses within our relatively small study area;
instead, the apparent need for lower shear moduli likely reflects
the limitations of our model.
Our model assumes that crevasses exist within an ice sheet
of infinite thickness, which provides cryostatic resistance at the
crack tip that limits the opening width of the crevasse. A nearby
basal boundary, however, alters the stress field around the crack
tip (Weertman, 1996; van der Veen, 2007), which may limit
the accuracy of our model for crevasses that approach the bed.
This limitation of our crevasse model precludes our ability to
explore the along-flow variability in crevasse width (Section
“Comparison to observed surface widths”).
Figure 7 shows that as a crevasse approaches the bed,
our model starts to predict unusual shapes that require
rapid deformation of the crevasse walls. In general, crevasse
geometries evolve smoothly until the crevasse reaches a depth
of approximately 0.8H, at which point the crevasses widen
considerably, exhibit increased necking at the water line,
and sometimes develop isolated reservoirs (e.g., Figure 7A).
Although the latter two features are consistent with the model
results of Weertman (1973) in infinite ice, our awareness of
the basal boundary effects compels us to interpret the modeled
shapes of deep crevasses (d > 0.8H) with caution.
Volumetric Constraints on Englacial Water
Storage
The results of ourmodel show that the influx of firn-aquifer water
into the crevasse field is sufficient to drive our modeled crevasses
to the ice-sheet bed 1000m below. Here, we introduce a second
line of reasoning to add to our confidence that firn-aquifer water
reaches the bed.
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We consider a hypothetical case where firn-aquifer water
resides permanently within crevasses that are shallower thanH =
1000 m. Were this to occur, the firn-aquifer water would slowly
refreeze englacially without reaching the bed. To perform this
test, we compare the volume of crevasses in our model to the
volume of water lost by the firn aquifer in the scenarios Qaq0 and
Q12–13.
Figure 7 shows the time evolution of the geometry of crevasses
modeled using Qaq0 and Q12–13. As the crevasses collect more
water over time, they widen and deepen.We calculate the volume
of meltwater that a crevasse holds at the penultimate timestep of
our model (rightmost crevasses on Figure 7), when the crevasse
has reached its maximum depth before breaking through to
the bed. Figure 7 shows these cross-sectional volumes for each
crevasse. These volumes are the sum of the volume of liquid
water held inside the crevasse and the water-equivalent volume
that has refrozen onto the crevasse walls. These span∼900–1600
m2, depending on Qaq0. These volumes are less than the annual
volume flux of water through the firn aquifer (5000–15,000 m2
for Qaq0) by approximately a factor of 5–10, suggesting that it
would take 5–10 such crevasses to englacially store the annual
volume of water lost by the firn aquifer.
In our conceptual model, shallow crevasses spaced by 50m
advect across the firn aquifer at ∼200m year−1; thus, only 4
crevasses annually can receive firn-aquifer water. It is possible,
within uncertainties, that firn-aquifer water could reach 5 or
more crevasses in 1 year and drive them to within tens of m of
the bed. Such deep hydrofractures, however, would be likely to
ultimately reach the bed through additional creep deformation,
by intersecting with a basal fracture, by advecting onto a bedrock
high, or by the addition of more meltwater beyond our one-year
model time. Thus, we reason that firn-aquifer water likely reaches
the ice-sheet bed near the downstream end of the aquifer, and that
this happens regularly (i.e., with Qaq0).
We repeat this analysis for the higher water fluxes Qaq12–13.
The cross-sectional water volumes that each crevasse holds
immediately before reaching the bed range over∼1800–3100m2,
larger than crevasse capacities modeled with Qaq0. At the same
time, the volume of firn-aquifer water lost (20,000–60,000 m2)
is a factor of 10–20 larger than this. Using similar arguments as
above, we conclude that the firn-aquifer water lost between 2012
and 2013 OIB measurements is even more unlikely to have been
contained englacially in crevasses.
Although Figure 7 presents volumetric results for only µ =
0.32 GPa, our results for all six values of shear modulus that we
tested (µ = 0.07–3.9 GPa) also suggest that the annual volume
generated from Qaq12–13 is unlikely to be held englacially (i.e., it
exceeds the volume of∼5 crevasses). ForQaq0, this is also the case
for shear moduli µ = 0.18 GPa. This result further strengthens
our confidence that firn-aquifer water regularly reaches the bed
in our study area.
Our model assumes that each crevasse evolves mechanically
independently from its neighboring crevasses. However, the short
distance (R = 50 m) between crevasses compared to the much
greater ice thickness (H = 1000 m) suggests that crevasses
may interact. In the presence of a deep crevasse downstream,
a newly formed crevasse may not fracture directly downwards
but instead may propagate toward the thin ice block between
crevasses. This would be analogous to faulting observed at sites of
supraglacial lake drainage (Doyle et al., 2013). Lateral fracturing
some tens or hundreds of m below the surface may connect new
crevasses with existing downstream hydrofractures. Over many
such connections, firn-aquifer water could form an englacial
fracture network similar to those observed on mountain glaciers
(Fountain et al., 2005). This scenario is outside of the capabilities
of our crevasse model, but we note that it may be possible for
such a network to store a large volume of firn-aquifer water
annually, without it reaching the bed. At the same time, this
network of deep hydrofractures would be susceptible to the
same processes mentioned above that would be likely to connect
near-full-thickness fractures to the bed.
It is also possible that the fate of the 2012–2013 firn-aquifer
water was not tied to the crevasse field: perhaps the water
flowed to the ice-sheet surface at an unidentified hydraulic
discharge point, or perhaps the aquifer expanded laterally along-
strike of the crevasse field, or even flowed around the crevasse
field and reconverged in the downstream reaches of our study
area (Figure 1B). These scenarios could occur outside the
bounds of our flowline model and the 1D OIB radar flight
lines. While we cannot rule out these possibilities, our model
results for the observed water-filled crevasses at the downstream
end of the firn aquifer provide a compelling argument that
drainage of the firn-aquifer water into the subglacial system is
plausible.
We study only a 3.5 km transect within the vast Southeast
Greenland firn aquifer (∼10,000 km2; Miège et al., 2016). While
we have shown that crevasses provide the firn-aquifer water in
our study area with a credible, rapid path to the bed, crevasse
fields do not necessarily exist at the lower boundary of the firn
aquifer across all of Southeast Greenland. Thus, other drainage
mechanisms or englacial refreezing may occur in other areas of
the firn aquifer.
Contribution of the Firn Aquifer—Crevasse
Field System to Ice Deformation
Our results show that if the firn aquifer were absent, crevasses
would carry meltwater to depths of ∼300–500m annually
(Figure 4B), where it would refreeze. Over the ten-year period
we model, this refreezing would warm the top few hundred m of
the ice column by up to 8◦C (Figure 8A). In this upper portion
of the ice column, vertical shear stresses are relatively low, which
limits the effect that this warming would have on ice velocities
(Lüthi et al., 2015) to an additional 6m year−1 (Figure 8A), for
a total deformational velocity ∼87m year−1 (Figure 8B). This
is consistent with the observed (deformational plus sliding) ice
velocity of∼200m year−1 in our study area. WorldView imagery
(Figure 1B) shows that the crevasse field we study spans 1–2 km,
equivalent to 5–10 years of advection; thus, our ten-year model
time is likely an upper bound. Furthermore, some fraction of the
surface meltwater would likely refreeze within the snow and firn
(Humphrey et al., 2012) without reaching the crevasses. Thus,
our estimates of enhanced ice deformation from Qlocal are likely
upper bounds.
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We find that for Qaq0 and Qaq12–13, a relatively small fraction
of firn-aquifer water refreezes englacially (1–10%; Figure 8B);
this warms the ice by 4◦C and enhances deformation by 56m
year−1 (Figure 8A) over a 10-year period. This represents an
additional warming of ∼2◦C and additional deformation of
∼50m year−1 compared to the base case Qlocal. These values
are robust across our tested ranges for Qaq0 and Qoq12–13
(Figure 8B). If these processes act regionally such that the
4◦C warming occurs over a horizontal scale of multiple ice
thicknesses, then our results suggest that the firn aquifer—
crevasse field system may contribute a considerable portion
(∼20%) of the observed surface velocity in our study area by
enhancing ice deformation.
Potential Influence of Firn Aquifer Water at
the Bed
We have demonstrated that the firn aquifer—crevasse field
system in our study area likely delivers surface meltwater to
the bed through crevasses. We compare this to the formation
of similar full-thickness hydrofractures in western Greenland.
There, the wide ablation zone and the large number of visually
obvious meltwater lakes and streams make the surface hydrology
(Box and Ski, 2007; Smith et al., 2015) and the formation
of full-thickness hydrofractures well-studied topics (Das et al.,
2008; Stevens et al., 2015). The community has thus made great
progress in understanding the effects of meltwater reaching the
bed seasonally in western Greenland, but this question has been
less addressed in East Greenland.
A primary consideration is whether the full-thickness
hydrofractures we infer in our study area bring water to a bed
that is frozen or thawed. Existing knowledge (MacGregor et al.,
2016) gives high confidence that a melted bed underlies our
study area and the area 80–100 km upstream. While we have
shown that the firn aquifer—crevasse field system most likely
contributes to the basal water supply in our study area, other heat
sources (frictional dissipative or geothermal) are likely to produce
basal melt upstream, where no crevasses are visible. It therefore
appears likely that the bed in our study area would be thawed
even in the absence of the firn aquifer—crevasse field system.
To estimate the water flux from the firn aquifer to the bed, we
scale the average annual 2D flux of water out of the firn aquifer
(Qaq0 = 5000–15,000 m
2 year−1) over the median length of the
crevasses we observe in our study area (600 m) to reach a 3D
water flux of 3–9 × 106 m3year−1. This is on the low end of the
range of water volumes that fast-draining Greenland supraglacial
lakes deliver to the bed: 7–40 × 106 m3 (Das et al., 2008; Doyle
et al., 2013) in approximately annual occurrences. However,
many lakes drain more slowly, over periods comparable to
the melt season (Selmes et al., 2011); these and other western
Greenland catchments drain through rivers, which ties the basal
water flux more closely to surface melt rates (Smith et al., 2015),
leading to lower but sustained inputs to the bed.
The rate of water delivery to the bed is of fundamental
importance to its effect on basal hydrology (Schoof, 2010).
High water fluxes to the bed can channelize the basal system
over the course of a melt season (Bartholomew et al., 2011);
however, channelization may fail to occur during episodes of
extremely high water flux such as rapid lake drainages (Dow et al.,
2015) or when the water flux is too low (Bartholomew et al.,
2011). Thus, if we are to understand the effect of firn-aquifer
water on the subglacial system, we must first know its rate of
input to the bed. The water fluxes we use are constrained by
observations of firn-aquifer water level (2016) that are currently
performed on an annual basis. The water flux at any one time,
however, may well differ from the annual average, and with
higher or lower instantaneous Qaq, crevasses may hydrofracture
and deliver water to the bed at different rates.
The annual average water flux through the firn aquifer (∼0.1–
0.3 m3s−1) is comparable to observed daily flow rates through
supraglacial streams during the melt season (0.5–8 m3s−1,
McGrath et al., 2011; Chandler et al., 2013) but 4–5 orders of
magnitude less than instantaneous water fluxes during rapid
supraglacial lake drainages (3300–8700 m3s−1, Das et al., 2008;
Doyle et al., 2013). However, in a hypothetical scenario where the
firn-aquifer water is delivered to the bed over a 90-min period
similar to a rapid supraglacial lake drainage (Das et al., 2008), the
basal water flux for Qaq12–13 would be similar to that from a fast-
draining lake. Such a rapid timescale is likely an upper bound, as
the diffusive nature of the firn aquifer would likely impede such
rapid evacuation of water; instead, the firn aquifer may provide a
steadier flux of water into the crevasse field and therefore to the
bed. The travel time through the firn aquifer could introduce an
offset between the timing of delivery of water to the bed and the
timing of the melt season. This would further differentiate this
system from western Greenland, where basal water fluxes peak
roughly with the melt season (Bartholomew et al., 2011; Smith
et al., 2015). Further remote sensing or field observations are
required to better constrain any intra-annual variability in water
flux.
Overall, we show that the volume of water that a segment
of the firn aquifer—crevasse field system delivers to the bed is
comparable to water volumes from supraglacial lakes and streams
in western Greenland. Current observations, however, limit our
ability to know the temporal character of the water flux and thus
its effect on basal hydrology.
CONCLUSION
Our results show that the water flux through the Southeast
Greenland firn aquifer is likely sufficient to hydrofracture to the
bed through crevasses. Without the firn aquifer, crevasses filled
with meltwater would not reach the bed. Similarly, without the
adjacent downstream crevasse field, the firn-aquifer water would
lack a delivery mechanism to the bed. Thus, the firn aquifer
and the crevasse field should be thought of together, as a single
system that brings surface meltwater to the bed under relatively
high-elevation ice (s∼ 1500m a.s.l.) in this area. Refreezing over
the weeks-long hydrofracture period in our study area raises
ice temperature by ∼4◦C and contributes ∼50m year−1 of ice
deformation to the observed surface velocity of∼200m year−1.
We study here only one specific transect (∼3.5 km)
of the Southeast Greenland firn aquifer, which covers
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∼10,000 km2 (Miège et al., 2016) over a broad range of
elevations and ice speeds. The fast flow of Helheim Glacier
directly adjacent to our study area likely aids the formation
of crevasses; other areas of the Southeast Greenland firn
aquifer also border smaller fast-flowing outlet glaciers (Moon
et al., 2012). Other firn-aquifer areas may therefore also
encounter crevasse fields that could seed hydrofractures
and deliver surface-sourced meltwater to the bed in areas
of the ice sheet that lack visible supraglacial lakes or
rivers.
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